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REVIEW

Pharmacokinetic and Pharmacodynamic Considerations 
in the Design of Therapeutic Antibodies 

Douglas Leipold* and Saileta Prabhu

The design and development of therapeutic monoclonal antibodies (mAbs) through optimizing their pharmacokinetic (PK) 
and pharmacodynamic (PD) properties is crucial to improve efficacy while minimizing adverse events. Many of these proper-
ties are interdependent, which highlights the inherent challenges in therapeutic antibody design, where improving one anti-
body property can sometimes lead to changes in others. Here, we discuss optimization approaches for PK/PD properties of 
therapeutic mAbs.

The design and development of therapeutic monoclonal an-
tibodies (mAbs), be it for improving the activity of existing 
therapeutic mAbs or bringing new therapeutics to patients, 
have advantages over other non- mAb therapeutic modali-
ties. The improvements can be accomplished by optimizing 
the pharmacokinetic (PK) and pharmacodynamic (PD) prop-
erties of therapeutic antibodies, which can improve efficacy 
while minimizing adverse events and enhancing patient 
experience and compliance.1 Because immunoglobulin G 
(IgG) is the most commonly used structural format in anti-
body therapeutics, this review will focus on tailoring both 
the PK and the PD properties of IgG antibodies to optimize 
antibody design.

Detailed knowledge of antibody structure and function 
 allows PK/PD scientists to guide engineering of  antibodies 
to address PK/PD- related issues. The PK/PD behavior of 
therapeutic antibodies is impacted by numerous factors, 
including antigen- binding specificity and affinity, molecular 
size, format, physicochemical properties, folding  stability, 
solubility, effector functions, and the pharmacological 
 activities mediated by the antibody. For example, having an 
in- depth understanding of the interaction of the variable and 
constant (Fc) regions of antibodies with their binding part-
ners has allowed the engineering of antibodies with optimal 
pharmacological properties, such as enhanced target spec-
ificity and effector functions.2,3 Furthermore, understanding 
how antibody charge and glycosylation impact antibody PK 
is key to designing antibodies that are more homogeneous 
and stable and have optimal clearance and desired  effector 
functions for their therapeutic application. The fact that 
many of those properties are interdependent highlights the 
inherent challenges in therapeutic antibody design, in which 
improving one antibody property can sometimes lead to 
 defects in others. In addition to improving inherent qualities, 
the introduction of new activities through novel scaffolds 
serves to similarly enhance antibody potency and function 
by altering aspects of their PK/PD properties. The scope of 

this review is limited to therapeutic mAbs that are primarily 
based on an unconjugated whole IgG backbone.

IMPROVING PK THROUGH ANTIBODY DESIGN
The neonatal Fc receptor
Modifying the clearance of antibodies to achieve increased 
drug exposure and serum half- life offers numerous advan-
tages, including reduced dose or less frequent dosing and 
potentially lower cost.3 The serum half- life of human IgG an-
tibodies, which averages 21 days for subclasses 1, 2, and 4, 
is long and one of the advantages of using IgGs as a ther-
apeutic. Although this review is focused on human IgGs, it 
should be clarified that murine IgGs, which generally are 
the initial IgGs used in the early phases of biotherapeutic 
development (prior to humanization), have different nomen-
clature and function compared with human IgGs (Table 1). 
For IgGs (human or murine), the long half- life is predomi-
nantly governed by the interaction with the recycling neo-
natal Fc receptor (FcRn).4 FcRn binds to the CH2- CH3 
domain of the IgG with a stoichiometry of two FcRn mol-
ecules per IgG antibody. FcRn is a membrane- associated 
receptor that is structurally related to major histocompati-
bility  complex class I molecules. FcRn is  expressed in the 
mammary gland, placenta, kidneys, brain, eyes, liver, and 
skin, as well as by intestinal epithelial cells, endothelial 
cells, macrophages, monocytes, and dendritic cells. Key 
functions of FcRn from a PK/PD perspective  include recy-
cling of the therapeutic mAbs (long half- life), IgG transport 
(distribution in tissues), and antigen presentation of multi-
meric immune- complexes (may impact immunogenicity).5,6 
Following nonspecific pinocytosis, IgG is internalized into 
endosomes where it binds FcRn and is protected from 
lysosomal degradation. Subsequently, the FcRn- bound 
IgG is recycled and  released extracellularly into systemic 
circulation resulting in long serum half- life, whereas IgGs 
that do not bind to FcRn are degraded by endosomal pro-
teases.6 The interaction between IgG and FcRn is strictly 
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pH- dependent, which is critical for IgG recycling and the 
long half- life. IgG binds to FcRn at the endosomal acidic 
pH (6.0–6.5) with nanomolar (nM) affinity, whereas negligi-
ble binding occurs at a physiological pH of 7.4. This lack of 
binding at pH 7.4 results in IgG- FcRn complex dissociation 
at the cell surface neutral pH (7.0–7.4) and release of IgG for 
continuing circulation.7

It is important to note that human IgG binds murine FcRn 
with higher affinity at acidic pH compared with murine IgG 
in wild- type mice, which should be taken into consideration 
when PK properties of human therapeutic IgGs are evalu-
ated in rodents.8 Cynomolgus monkeys have been shown to 
be more reliable surrogates for predicting human clearance 
of therapeutic human or humanized mAbs that are mediated 
by FcRn- mediated proteolysis.9 The use of humanized FcRn 
transgenic mice has also been recently evaluated for this 
purpose.10,11 Modulating the FcRn–IgG interaction through 

point mutations allows altering the PK profile of therapeutic 
antibodies by enhancing/reducing their half- lives. Table 2 
includes examples of mutations in the CH2/CH3 region of 
mAb Fc that increase or decrease FcRn binding affinity. The 
YTE mutant is the only mutant that has been tested clinically 
so far. Motavizumab- YTE showed an impressive decrease 
in clearance (71–86%) and a twofold to fourfold increase in 
half- life compared with Motavizumab in healthy volunteers.12

IgG- FcRn interactions are believed to be restricted to 
the Fc region; however, a recent report suggested that 
Fab  regions influence FcRn binding due to the conforma-
tional flexibility of the Fab arms.7 This observation was also 
 supported by Schlothauer et al.13 who showed that IgGs 
with identical Fc regions differed in their dissociation from 
FcRn, which suggested that the Fab region influenced FcRn 
binding. It was also shown that the charge distribution in the 
distal variable fragment (Fv) of IgGs is involved in binding to 
FcRn, leading to reduced terminal half- lives.7 It is still not 
entirely clear whether the faster clearance of these antibod-
ies is due to FcRn- mediated effects or due to nonspecific 
binding to tissues.14

Another important consideration when modifying the mAb 
binding to FcRn is that engineering IgGs with excessive 
binding to FcRn at both pH 6.0 and pH 7.4 (i.e.,  reduced pH 
dependence) can exhibit fast clearance.15 Using a panel of 
novel Fc variants with high affinity binding at acidic pH and 
various affinities at pH 7.4, Borrok et al.16 demonstrated an 
affinity threshold of neutral pH binding that limits  efficient IgG 
recycling. Increasing neutral FcRn affinity binding  beyond 
this threshold reduces half- lives and offsets the benefits of 
increased acidic binding. This highlights the inherent limits 
of FcRn- mediated half- life extension and its dependence on 
pH binding.

Other work in the modification of FcRn binding has 
 focused on understanding the impact of FcRn binding on 
s.c. bioavailability. FcRn is expressed not only by immune 
cells but also by blood vessel endothelial cells in the skin, 
and can thus influence s.c. bioavailability by contributing 
to the rate and extent of presystemic IgG catabolism.17 
Deng et al.18 showed that the s.c. bioavailability of mu-
rine IgG2a was affected by mouse FcRn- binding affinity. 
Upon examining three antiamyloid β mAbs with different 
binding affinities to mouse FcRn, the authors found that 
loss of FcRn binding at either pH 6.0 or pH 7.4 led to loss 
of the FcRn- mediated protection from catabolism at the 
absorption site and subsequently the lowest bioavailabil-
ity (41.8%) as compared with the wild- type mAb. On the 
other hand, using mAbs engineered with the Thr250Gln/
Met428Leu Fc mutations that improve their FcRn interac-
tions seems to improve clearance but not s.c. bioavailabil-
ity in cynomolgus monkeys.19 These results suggest that 
other factors may have a stronger influence and also high-
light that additional studies are needed to understand the 
role of FcRn, if any, and its impact on s.c. bioavailability.

The role of FcRn in mediating IgG clearance is not fully 
understood in other types of tissues, such as the brain or 
the eyes. FcRn seems to play a role in the clearance of 
amyloid beta- peptide (Aβ)– specific IgG complexes across 
the blood brain barrier (BBB).20 However, FcRn does not 
seem to contribute significantly to the BBB transcytosis, 

Table 1 Human IgG subclasses and corresponding “functional” 
murine subclassesa73,114

Human Murine

IgG1 IgG2a

IgG2 IgG3

IgG3 IgG2b

IgG4 IgG1

IgG, immunoglobulin.
aThe human subclasses were numbered based on their abundance. The 
basis for the murine nomenclature is not clear.

Table 2 Examples of mutations in the CH2/CH3 interdomain region of 
mAb Fc that increase or decrease FcRn binding affinity58,115

Goal AA Mutations

Increase FcRn 
binding

Ala330 Ala330Val

Ala378 Ala378Val/Thr

Asp312 Asp312Ala

Asn315, 361 Asn315Asp and 
Asn361Asp

Asn434 Asn434Ala

Gln311 Gln311Ala

Glu380,382 
Met252

Glu380Ala and 
Glu382Ala 
Met252Tyra

Phe241 Phe241Leu

Pro230 Pro230Ser/Thr

Pro238 
Ser254

Pro238Ala 
Ser254Thra

Thr256,307 Thr256Ala and 
Thr307Ala

Val264 
Thr256

Val264Ala/Glu 
Thr256Glua

Decrease FcRn 
binding

His310, 435 His310Ala and 
His435Ala

Ile253 Ile253Ala

Ser254 Ser254Ala

Tyr436 Tyr436Ala

AA, amino acid; FcRn, recycling neonatal Fc receptor; mAb, monoclonal 
antibody.
aMet(M)252Tyr(Y)/Ser(S)254Thr(T)/Thr(T)256Glu(E) is the triple mutation 
known as YTE.
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because intravenously- administered IgG1 displayed simi-
lar brain- to- plasma concentration ratios in FcRn- deficient 
mice and wild- type mice.21 The impact of FcRn on IgG 
disposition in the ocular space is equally confounding to 
that of the brain. FcRn has been shown to be expressed 
by the ciliary epithelium and retinal and choroidal vascu-
lature, which may affect the clearance of IgGs adminis-
tered into the vitreous of the eye.22 One role for FcRn has 
been demonstrated in transporting full- length IgGs admin-
istered into the vitreous across the blood- retina barrier 
in rats.23 Furthermore, others have shown that IgG and 
IgG- FcRn null (mAb with Fc mutations that prevent bind-
ing to FcRn) show similar kinetics in the rabbit eye after  
intravitreal injection.24

pH- dependent antigen binding
Fukuzawa and colleagues25 have developed recycling 
 antibody or antibody with pH- dependent antigen binding 
through variable region engineering to improve the PK/PD 
profile of IgG by increasing the clearance of the antigen 
but not the antibody. When coupled with sweeping tech-
nology (through constant region engineering), which has 
increased FcRn binding at neutral pH, an enhanced FcRn- 
mediated uptake of the antibody–antigen complex into the 
endosome can be achieved and, thereby, an increase in 
the number of cycles of antigen binding and lysosomal 
degradation.26 Igawa et al.27 generated a sweeping anti-
body variant of tocilizumab, an antibody against the sol-
uble and membranous interleukin- 6 receptor (IL- 6R). This 
increased the number of cycles of antigen binding and ly-
sosomal degradation, which, coupled with Fc engineering 
to increase binding to FcRn, significantly improved both PK 
and PD in cynomolgus monkeys. Additionally, they showed 
that the Fc gamma receptor FcγRIIb is a major contributor 
in the cellular uptake of monomeric immune complexes.27 
Subsequently, the authors expanded the sweeping tech-
nology to accelerate the clearance of pH- dependent anti- 
IL- 6R by engineering the Fc to selectively enhance human 
FcγRIIb (instead of FcRn) binding. In absence of concomi-
tant Fc engineering, similar results were still achieved with 
recycling technology in a hypercholesterolemia antibody 
(anti- PCSK9).28

Isoelectric point and charge. Charged amino acids within 
the complex IgG structure are not only crucial determinants 
of protein–protein interactions of IgG necessary for 
biological activity but also determinants of PK.29,30 On the 
same lines, the overall charge of the mAb as measured by 
the isoelectric point (pI) has also been shown to influence 
both serum clearance and tissue. Furthermore, recent 
studies have suggested that the electrostatic interaction of 
antibodies is influenced by both the overall net charge and 
the distribution of the charges on the surface.31–33

Anionization (reducing pI) partially abrogates the interac-
tion with cell surfaces and extracellular matrices, reducing 
nonspecific tissue uptake and increasing serum half- life. In 
the study by Igawa et al 30 the authors demonstrated that 
lowering the pI by engineering the variable region could 
 reduce the elimination of IgG antibodies. In another report, 
it seemed that antibodies with lower pI values exhibited 

slower systemic clearance and higher s.c. bioavailability in 
both humans and minipigs compared with antibodies with 
higher pI values (> 9).32 However, this study was limited by 
the number of antibodies studied. On the other hand, Khawli 
et al.34 isolated the acidic (pI: 8.7–8.9), basic (pI: 9.16), and 
main (pI: 9) components of a humanized IgG1 mAb and 
 observed no differences in serum PK in rats, suggesting that 
the pI differences among the fractions were not sufficient to 
induce measurable changes in PK.

Conversely, IgGs with increased pI (cationization) dis-
play increased plasma clearance, volume of distribution, 
and tissue uptake, most likely due to enhanced binding 
to negatively charged cell surface molecules (heparin 
sulfate proteoglycans and phospholipids) and pinocytic 
uptake.35 Cationization by converting surface carboxyl 
groups to positively charged groups, such as primary 
amines, has been used to improve uptake of IgG in tar-
get tissues (such as crossing the BBB).36,37 However, the 
advantages of cationization must be interpreted with cau-
tion due to additional consequences of IgG retention in 
nontarget tissues. For  example, a study of antihepatitis C 
virus E2- glycoprotein  antibody variants showed very fast 
clearance for a variant with a pI of 8.61 compared with a 
variant with a pI of 6.10. Although both variants had com-
parable FcRn binding, the high pI variant was catabolized 
in the liver and spleen,  suggesting that antibody charge 
can influence antibody  catabolism independently of FcRn- 
mediated recycling.29

As noted previously, reducing or increasing the pI can 
have notable impact on mAb PKs. However, improved PK 
properties have also been demonstrated through charge 
modifications (with no demonstrable impact on overall pI) 
being applied to charge patches (clustering of charged 
amino acid residues) through either substitutions of 
charged amino acids or direct chemical modification of 
amino acid side chains with positive, negative, or neu-
tral chemical groups.35 Datta- Mannan et al.38 studied 
two  humanized mAbs with unexpectedly rapid clearance 
in mice and  attributed their fast clearance to solvent- 
exposed  positive-charge patches on the complementarity- 
determining  region (CDR). Rationally balancing the CDR 
charge without affecting pI yielded significant improve-
ment in peripheral exposure and reduced tissue catab-
olism. Bumbaca Yadav et al.31 studied the impact of 
charge on the PK as well as s.c. bioavailability of two 
mAbs targeting lymphotoxin alpha (anti- LT- α) and human  
epidermal growth factor receptor 2 (anti- HER2). The au-
thors engineered the Fv region to have either high or low 
Fv charge as compared with the parent antibody, with 
only a minimal change (< 1 pI unit) in pI measured for the 
whole antibodies. PK studies in cynomolgus monkeys 
demonstrated that high Fv charge mutants displayed 
faster clearance, whereas low Fv charge mutants dis-
played either no change (anti- HER2) or decreased (anti- 
LT- α) clearance. The impact on s.c. bioavailability was 
also striking, with increased bioavailability observed for 
the low Fv charge mutant of anti- HER2 and decreased 
bioavailability observed for the high Fv charge mutant of 
anti- LT- α. Similar PK profiles were observed in rats and 
mice.31
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Because the charge of variable region has impact on the 
PK properties, attempts have been made to use surface 
charge to predict antibody clearance. Sharma et al.39 used 
the net charge of the Fv domain at pH 5.5 as a criteria to 
identify antibodies with fast clearance in cynomolgus mon-
keys (i.e., > 10 mL/day/kg). While achieving ~70% accuracy 
of prediction, this approach did not incorporate other critical 
factors that affect antibody PK/PD (e.g., structure, charge 
distribution). Alternative approaches, such as developing 
a quantitative structure- activity relationship model using 
 mutational charge distributions from a single IgG framework, 
might offer better predictions.

Affinity. High-affinity antibodies (Kd < 1 nM) are desirable 
not only for their assumed enhanced potency and 
efficacy but also for reducing the dose and the frequency 
of administration.40–42 The delicate balance that exists 
among conformational stability, solubility, and high affinity 
highlights the challenge of rationally designing antibodies 
with engineering strategies that allow the prediction and 
control of this balance. The desired affinity for an antibody 
depends on several factors, including antigen density and 
turnover, mechanism of action (for example, agonistic or 
antagonistic antibody), dose, drug concentrations that 
can be achieved at the site of action, and the desired 
pharmacological effect. For example, Putnam et al.43 studied 
high- affinity anti- IgE antibody- 1 (HAE1), a high- affinity 
version of the US Food and Drug Administration– approved 
anti- IgE mAb omalizumab with the same IgG1 framework 
but different CDRs. A change of nine CDR residues reduced 
koff of HAE1 to IgE by ~22- fold and enhanced the binding 
affinity to IgE by ~23- fold. In a subsequent PK/PD study 
in cynomolgus monkeys, HAE1 had a similar PK profile to 
that previously generated with omalizumab but required 
lower concentrations to suppress free serum IgG levels, 
suggesting that the higher affinity of HAE1 may translate 
into greater in vivo potency.44 PK/PD modeling can be 
used to determine the optimal affinity range provided when 
information about the antigen kinetics, dose range, and 
human PK is available.45,46 The avidity of the antibody to 
its receptor can also be leveraged to improve potency.47,48

Enhancing the affinity of an antibody for its target must 
be balanced with potential increases in nonspecific binding 
to various tissues, which may counterbalance  expected 
improvements in PK/PD.49 Wu et al.49 applied a directed 
evolution approach to improve both the  association rate 
(kon) and dissociation rate (koff) of palivizumab to the RSV F 
protein and found that raising the affinity by increasing kon 
improved virus neutralization for the IgG form of the mAb. 
However, a subsequent evaluation of several of these 
affinity- optimized variants found that kon- driven mutations 
generated nonspecific binding to various  tissues that led to 
poor serum PK and lung bioavailability. Reverting three of 
the affinity- matured amino acids to the original  sequences 
greatly reduced nonspecific binding and resulted in mota-
vizumab, which binds to the RSV F protein 70- fold better 
than palivizumab.

Although this review is primarily focused on IgG1 
 therapeutic antibodies, it is an important side note under 
the aspects of affinity to mention a potential  concern for 

IgG4 antibodies. For IgG4 therapeutic mAbs, a  reduction in 
 affinity can sometimes be attributed to Fab arm  exchange, 
which is the random exchange of a  half- molecule (heavy 
chain “HC” and attached light chain “LC”) with that 
of  another IgG4  half- molecule that  effectively creates 
 monovalent bispecific antibodies. Fab arm exchange with 
plasma IgG4 can reduce therapeutic IgG4 affinity and 
 efficacy because the loss of bivalency renders the resul-
tant mAb incapable of effectively crosslinking the target 
 antigen or undergoing multivalent target binding. Fab arm 
exchange is attributed to weak CH3- CH3 interactions and 
to relatively labile inter- HC disulfide bonds of the hinge 
 region, which can undergo shuffling under reducing con-
ditions in blood or at cell surfaces.50,51 Labrijn et al.52 
observed that natalizumab, an IgG4 mAb against the α4 
subunit of α4β1 (VLA- 4) and α4β7 integrins, undergoes 
Fab arm exchange with endogenous IgG4 in humans, 
whereas gemtuzumab, an IgG4 mAb against CD33, which 
contains a core- hinge mutation, does not. The Ser228Pro 
mutation (IgG4S228P) stabilizes the disulfides in the core- 
hinge of IgG4 molecules and blocks Fab arm exchange. 
Stubenrauch et al.53 investigated whether the IgG4S228P 
mutation would be sufficient to stabilize the core hinge 
region of an IgG4 mAb and prevent Fab arm exchange. 
Although the mutation did not completely prevent Fab arm 
exchange in vitro under reducing conditions, the process 
was markedly attenuated in vivo in cynomolgus monkeys 
where serum was virtually free of the Fab- swapped IgG4.

Glycosylation. Most therapeutic mAbs are  N- glycosylated 
at the residue Asn297 in the heavy chain of the CH2 domain 
with the (Asn)- X- Ser/Thr (where X is any residue except a Pro) 
consensus sequence. Additional glycosylation can also exist 
in the variable region, such as the antiepidermal growth factor 
receptor mAb, cetuximab.51,54,55 The N- linked glycans are 
composed of a conserved biantennary complex structure of   
N- acetylglucosamine residues (GlcNAc) and mannose 
(Man) residues in the core and extending terminal- sugar 
residues (e.g., Man, GlcNAc, galactose (Gal), core fucose, 
and sialic acid) added depending on the host glycosylation 
machinery.54–56 The impact of glycosylation is not limited to 
the PK of therapeutic mAbs but extends to effector functions 
and PD, which will be discussed in the next section.

The prevailing assumption is that the FcRn- binding site 
located at the CH2–CH3 domain and variations in Fc glyco-
sylation, specifically IgG1, may also not likely impact FcRn- 
mediated clearance pathways of therapeutic antibodies. 
The position of Fc glycans on the interior surface of the Fc 
domain makes them inaccessible to glycan receptors that 
may participate in FcRn- mediated mAb clearance, such as 
asialoglycoprotein and Man receptors.55 Several studies 
documented a change from an “open” to a “closed” IgG 
conformation upon removal of glycans and have shown 
that it impacts binding of FcγRs but not FcRn.57,58 Thus, 
no measurable or meaningful changes in PK properties are 
observed with most of the Fc- glycan variants (except high 
mannose variants) of mAbs. Leabman et al.59 also showed 
that aglycosylated and afucosylated mAbs are eliminated 
with a similar rate compared with to glycosylated or fucose- 
containing mAbs, respectively.
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Although recombinant mAbs produced in murine hybrid-
oma cells can be up to 50% sialylated in sharp contrast to 
the typical 10% sialylation for human IgG, the degree of 
 sialylation does not seem to impact PK based on a limited 
number of studies.56,60 Glycan variants, such as desialylated 
and agalactosylated mAbs, respectively, produced in cell 
lines deficient in attachment of sialic acid (Lec 2) and Gal 
(Lec 8) were comparable to wild- type mAbs with respect 
to in vivo half- life.61 So far, the only glycan that negatively 
impacts PK is high terminal Man content by increasing the 
clearance and the reducing half- life (Table 3). Wright et al.62 
showed that M5 IgG (produced by the glycosylation- mutant 
cell line Lec1, and consisting of 100% M5 glycan variants) 
demonstrated faster clearance in mice and tended to dis-
tribute to the liver. Similarly, Yu et al.63 have shown that high- 
Man mAbs (such as > 99% M5, or > 99% M8/9) displayed 
threefold faster clearance and about twofold shorter half- 
lives than the IgG containing the complex glycans in mice. 
They also showed that higher Man variants, such M7/8/9, 
are converted to M5 by mannosidase.

In humans, Chen et al.64 showed that the serum levels 
of several high- Man mAbs (M6- M9) decreased faster than 
other glycoforms due to their conversion to M5 by manno-
sidases rather than their clearance and concluded that an-
tibody clearance in humans is not significantly affected by 
the Fc glycan structure. On the other hand, in a follow- up 
study65 the authors from the same group used a highly 
 sensitive  analytical method (peptide mapping using high- 
resolution mass  spectrometry) to follow changes to the gly-
can PK profile of four therapeutic mAbs over time and found 
that M5 cleared faster than other non- Man glycan variants. 
A twofold difference in the half- life between the variants 
was also reported. There are few studies in mice and rats 
that have reported no impact on PK of the high-Man vari-
ants.66–68 Harris66 showed that omalizumab (5–7% M5) has 
a similar PK profile to the other glycoforms in mice. Millward 
et al.68 showed that a preparation of a mAb enriched for high 
mannose glycoforms (52% M5–M8) showed similar clear-
ance rates in mice to those of the parent mAb (3% M5–M7). 
One of the reasons for the discrepancy between  different 
PK studies is the reduced amount of high-Man variants 
present compared with the previous studies.61,63 Overall, 
the published data sugget that high- Man  glycoforms are 
cleared more rapidly than other glycoforms, and emphasize 

the importance of controlling the levels of Man variants, and 
having it as a critical quality attribute for PKs.

STRUCTURAL VARIANTS TO IMPROVE   
TISSUE- SPECIFIC DELIVERY

As previously noted, the focus of this review is on  mAbs;  
however, an important exception is noted with  tissue uptake 
with bispecifics. Recently, antibodies have been designed 
to improve delivery to the site of action. For  example, bispe-
cific antibodies that bound transferrin  receptor and beta- 
secretase, with no binding to FcγRs or complement proteins, 
were used to improve delivery of the  antibody to the brain. The 
binding affinity to transferrin  receptor was optimized to obtain 
favorable brain PK/PD profiles.45 A more recent advance-
ment in the tissue- specific delivery of  antibodies has been 
development of Probody Therapeutics that are designed to 
be activated only in the disease tissue microenvironment by 
taking advantage of the upregulation of protease activity in 
the disease tissues.69

IMPROVING PHARMACODYNAMICS THROUGH 
ANTIBODY DESIGN

The primary goals of all previously discussed factors that 
influence PK design was to enhance the overall activity and 
clinical efficacy of therapeutic mAbs. As noted, this could 
be through enhanced affinity and/or a tailored half- life. 
Engineering mAbs to improve their PDs and ultimately their 
therapeutic potential also involves modifying the variable 
region for enhancing antigen- binding activity and modify-
ing the Fc- mediated effector function to further increase 
clinical potential.

Modifying effector functions
The Fc portion of mAbs contains binding sites for FcRs and 
complement proteins, through which mAbs (upon forming 
immune complexes) can initiate immune effector func-
tions that enhance the killing and removal of mAb- bound 
target cells. These functions bridge the adaptive humoral 
immune response to innate cellular defense mechanisms, 
which include antibody- dependent cell- mediated cytotox-
icity (ADCC), complement- dependent cytotoxicity (CDC), 
and antibody- dependent cell- mediated phagocytosis 

Table 3 Selected studies on the impact of high-mannose glycoforms on mAb PK

Impact on PK mAb Mannose composition References

Increased clearance Dansyl- specific (chimeric IgG1) Produced by Lec1 CHO cells: 100% M5 68

CD20- specific (chimeric IgG1) Produced by Lec1 CHO cells: 100% M5 69

Engineered with kifunensine: 100% M8–M9

WT- mAb (IgG1) Produced by Pichia pastoris: fungal- type 
high mannose glycosylation

62

mAb1- mAb4 (human IgG1 or 2) 5–17% M5 (excluding M6–M9 to M5 in vivo 
conversion)

73

No effect on clearance Omalizumab (humanized IgG1) 5–7% M5 70

mAb1 (human IgG1) Enriched for high mannose: 52% M5–M8 71

IL1R- specific (human IgG2) M6–M9 (% composition not specified) 72

CHO, Chinese hamster ovary; IgG, immunoglobulin G; IL- 1R, interleukin 1 receptor; mAb, monoclonal antibody; PK, pharmacokinetics; WT; wild type.
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(ADCP).51,70 Another Fc- mediated function is the cluster-
ing effect crucial to the activity of agonistic mAbs (such as 
 anti- CD40), in which the Fc- FcR interaction leads to higher 
order clustering of the antibody and, thus, of the target 
receptor bound by the variable domain, triggering down-
stream signaling.71 However, not much progress has been 
made in the translation of agonistic mAbs into effective 
therapies for patients.

FcRs are divided into type I FcRs (generally known as 
FcγRs) and type II FcRs (which include CD23 and CD209) 
and are classified based on their binding to IgG. Type I FcRs 
bind the Fc in the open conformation near the hinge prox-
imal region and with a 1:1 stoichiometry; type II FcRs bind 
IgG in the closed conformation in the CH2- CH3 domain 
with stoichiometry of two receptors per antibody. Although 
the engagement of type II FcRs leads to suppression of 
antibody- mediated and T cell- mediated inflammation, the 
engagement of type I FcRs results in ADCC and ADCP.72 
Recently, additional FcRs have been identified, including Fc 
receptor- like molecules and TRIM21. Their role is not well 
understood. On the other hand, binding of IgG to the type 
I FcRs (FcγRs) has been extensively leveraged for design-
ing mAbs with modified effector functions and is discussed 
briefly here. FcγRs are further subdivided into activating 
and inhibitory receptors depending on their intracellular 
motif (Table 4). B cells, innate immune cells, including my-
eloid cells (dendritic cells, monocytes, macrophages, neu-
trophils, basophils, and eosinophils), and natural killer (NK) 
cells differentially express these receptors.72,73 T cells do not 
 express FcγRs,74 although there is a recent report of FcγRIIb 
expression on memory CD8 T cells.75 The outcome of the 
IgG- FcγR interaction is governed by several factors, such 
as the Fc isotype and structure, the cellular and preferen-
tial expression patterns of FcγRs, allelic variation of FcγRs, 
ratio of the activating vs. inhibitory receptor engagement, 
and species differences. Many of these factors have been 
studied in mice but not in humans. It is also suggested that 
macrophages largely drive ADCP activity via FcγRII and 
FcγRIII, whereas ADCC is driven by NK cells via FcγRIII only. 
The binding affinities of the various Fc isotypes to IgG are 
governed by the N- linked glycosylation pattern at Asn297 
as well as the amino acid structure, both of which determine 
which of the two dominant conformational states the Fc 
domain may adopt. Consequently, glycoengineering (mod-
ifying glycosylation patterns) and protein engineering (mod-
ifying the amino acid sequence using display libraries and/

or structure- guided design) have been adopted to either 
enhance or reduce/abrogate Fc effector function depending 
on the desired therapeutic activity of the mAb. Because the 
screening for Fc activity of IgG mAbs is performed in vitro 
(such as ADCC, ADCP, and CDC assays) as well as in vivo 
(such as antitumor efficacy in murine models or toxicology 
studies in nonhuman primates), the species differences in 
expression of FcγRs and in affinities should be taken into 
 account, because they can complicate the contribution of Fc 
activity, and the clinical translation of preclinical activity.76–78

Enhancing Fc effector functions. Enhanced Fc- mediated 
effector functions are highly desirable when the removal of 
the mAb- targeted cell is crucial to clinical efficacy, such as 
tumor cells or virally infected cells. Specifically in oncology, 
several mAbs with potent effector functions (ADCC, ADCP, 
and/or CDC) are clinically approved, including rituximab, 
obinutuzumab, trastuzumab, and cetuximab. More recently, 
several next- generation antitumor mAbs optimized for Fc- 
mediated effector function have progressed into clinical 
development.72 To induce immune cell activation, mAbs 
must first overcome the activation threshold dictated by 
the presence of both activating and inhibitory FcγRs. This 
is achieved by enhancing the relative engagement of the 
 activating (most importantly FcγRIIIA) vs. inhibitory FcγRs 
(increasing the A-I ratio) through glycoengineering and 
protein engineering.72

Glycoengineering. The glycosylation pattern of mAbs at 
Asn297 regulates the conformational state of the Fc domain 
and subsequent binding to Fc receptors.57 These N- glycans 
are crucial for the structural integrity of the FcγR- binding 
site, and their removal has been shown to abrogate FcγR 
affinity and complement binding/effector functions.79,80 
Reducing fucose and sialyl groups and increasing bisecting 
GlcNAc, Gal, and Man have proven to enhance Fc- mediated 
ADCC and/or CDC.81

Afucosylation has by far been the most effective gly-
coengineering approach to enhancing Fc effector func-
tion of mAbs. Shinkawa et al82 showed that the absence 
of fucose, rather than the presence of bisecting GlcNAc 
or Gal, is necessary for maximal enhancement of ADCC 
activity. Furthermore, afucosylation does not affect 
binding to FcγRI, C1q, or FcRn.82,83 Importantly, afuco-
sylation enhances ADCC activity regardless of FcγRIIIA 
polymorphism.84,85

Table 4 Human IgG subclasses and binding affinity to human FcγRsa b

Fc receptors IgG1 IgG2 IgG3 IgG4

Activating FcγRI High No binding High High

FcγRIIaH131 Medium- low Low Low Low

FcγRIIaR131 Medium- low Very low Low Low

FcγRIIIaV158 Medium- low Very low High Low

FcγRIIIaF158 Low No binding High Low

Inhibitory FcγRIIb Low No binding Low Low

IgG, immunoglobulin.
aThe murine FcγRs that functionally correspond to the human FcγRI (hCD64), FcγRIIa (hCD32a), FcγRIII (hCD16), and FcγRIIb are FcγRI, FcγRIII, FcγRIV, and 
FcγRIIB, respectively. bC1q binding: IgG3 > IgG1 > IgG2. IgG4 does not bind C1q.
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Several glycoengineered afucosylated mAbs have 
demonstrated clinic success, the first of which is 
 mogamulizumab, a humanized mAb targeting C- C 
 chemokine receptor type 4 approved for patients with 
 relapse or refractory C- C chemokine receptor type 
4- positive T cell leukemia or lymphoma.86 Another 
 example is obinutuzumab, an afucosylated anti- CD20 
mAb that contains a bisecting GlcNAc. Obinutuzumab 
was  approved in 2013 for the treatment of patients with 
previously untreated chronic lymphocytic  leukemia. 
Compared with rituximab, obinutuzumab  displays 50- fold 
higher affinity to human FcγRIII, 10–100- fold increase in 
ADCC against CD20- expressing lymphoma cell lines, and 
superiority in clinical trials for patients with chronic lym-
phocytic leukemia.87,88 A third example is  benralizumab, a 
humanized afucosylated anti- IL- 5Rα that mediates ADCC 
depletion of IL- 5Rα- expressing eosinophils implicated in 
asthma exacerbations. Reed et al.89 showed that a sin-
gle intravenous dose of benralizumab (MEDI- 563) led to 
a robust depletion of eosinophils in mild asthmatics that 
was sustained for 8–12 weeks. High  mannose content 
(Man5/8/9) has been associated with affinity for FcγRIIIA 
and enhanced ADCC activity, but this may rather be due to 
afucosylation,  because high- mannose glycans do not have 
core  fucosylation similar to bisecting GlcNAc- variants.63,90

Protein engineering. Another approach to enhance Fc 
effector functions is through introduction of Fc domain 
point mutations. This approach is not limited to FcγRIII 
and allows manipulating the interactions of the Fc domain 
with multiple activating FcγRs. A series of Fc variants of 
therapeutic mAbs (rituximab, cetuximab, trastuzumab, and 
the anti- CD52, alemtuzumab) were engineered and showed 
increased FcγRIIIA affinity, reduced FcγRIIB affinity, and 
enhanced ADCC activity for the double mutant Ser239Asp/
Ile332Glu and the triple mutant Ser239Asp/Ile332Glu/
Ala330Leu.91 Several preclinical studies demonstrated 
the enhanced in vivo activity of Fc protein- engineered 
mAbs against cancer and viruses,92,93 and a number of 
these mAbs have entered clinical development, such as 
anti- CD19 Xmab5574 for leukemia, anti- CD30 Xmab2513 
for lymphoma, and anti- HER2 margetuximab for breast 
cancer.72

Fc protein engineering can also enhance ADCP  activity 
using the Gly236Ala mutation, which selectively  enhances 
affinity for FcγRIIA. The enhancement was further  improved 
through combining the Gly236Ala mutation (the macrophage- 
mediated ADCP and NK cell- mediated ADCC) as well as the 
ADCC- enhancing Ser239Asp/Ile332Glu double mutation.94 
Mutations located in the upper hinge region can selectively 
enhance CDC activity by enhancing binding to C1q, such 
as the tryptophan substitutions.95 Other point mutations, 
such as Lys326Trp and Glu333Ala, in the CH2  domain 
have been shown to enhance CDC.96 Double  mutants, 
such as Lys326Trp/Glu333Ala, Lys326Ala/Glu333Ala, and 
Lys326Met/Glu333Ser, as well as triple mutants, such as 
Ser267Glu/His268Phe/Ser324Thr, have displayed further 

increases in CDC as compared with those observed with 
individual mutations.96,97

Reducing/silencing Fc effector functions. Although 
enhancing Fc effector functions can enhance therapeutic 
efficacy and/or reduce the dose or dosing frequency, it 
may also lead to Fc- mediated activation of  immune cells 
and more frequent or severe adverse events in patients. 
Moreover, Fc effector functions can be  undesirable for 
the required efficacy of some therapeutic mAbs, such as 
benign blocking, where the interaction with the antigen 
is sufficient and ADCC/ADCP- mediated depletion is 
unwarranted as with effector T cells.98,99 To minimize or 
eliminate Fc effector functions, glycoengineering and 
protein engineering approaches have been used.

Glycoengineering. Common approaches to reduce   
Fc- mediated cell killing include using fucosylated mAbs 
and/or low- bisecting GlcNAc content. Another approach is 
to increase the affinity of the Fc domain to inhibitory type II 
FcRs using sialylation, which induces a closed conformation 
of Fc.72 This property is also exploited with intravenous IgG 
(IVIG), which is used for the treatment of autoimmune and 
inflammatory diseases. IVIG preparations contain 10%   
Fc- sialylated IgG, to which the anti- inflammatory properties 
of IVIG are attributed.100 Binding of IVIG to DC- SIGN induces 
the expression of inhibitory FcγRIIB on inflammatory cells, 
which attenuates inflammation.101 To recapitulate the anti- 
inflammatory effect of IVIG, the glycoengineered addition 
of 2,6 sialylation to IgG1 or increasing the sialylation levels 
demonstrates lower affinity for FcγRIIIA and reduced ADCC 
potency.102,103

Protein engineering. In addition to glycoengineering, 
efforts to reduce Fc effector functions include introducing 
point mutations and/or using the IgG2 and IgG4 isotypes 
that have poor effector functions. The effect of reducing 
Fc effector functions and its impact on the PD profile has 
been explored with anti- IgE antibodies (HAE1 and HAE2). 
Using a single-point mutation (Asp265Ala) in the Fc region, 
which reduces HAE2- IgE complex binding to FcγRI, II, 
and III by ~85- fold as compared with HAE1, the authors 
observed reduced IgE- HAE2 complex clearance and 
increased total IgE serum concentrations in cynomolgus 
monkeys, suggesting the importance of effector functions 
in elimination of anti- IgE–IgE complexes.44

Besides silencing IgG1 activity, switching to a different 
subclass (e.g., IgG4) is also commonly used for therapeutic 
mAbs whose Fc effector functions are undesirable, such as 
natalizumab and the anti- PD- L1 mAb, BMS- 936559. Both 
mAbs are designed to inhibit leukocyte interactions impli-
cated in disease pathology without eliminating the leuko-
cytes through Fc- mediated depletion. It is important to note 
that effector functions are not completely attenuated with 
the IgG4 subclass. Another isotype- based approach is the 
use of hybrid IgG2- IgG4 Fc domains in mAbs. Examples in-
clude eculizumab, which targets the complement compo-
nent C5. To avoid proinflammatory responses induced by 
complement activation or Fc- expressing inflammatory cells, 
components of both human IgG2 and IgG4 constant regions 
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were included, because IgG2 does not bind Fc receptors as 
well as IgG1, and IgG4 does not activate the complement 
cascade.104 Other examples include r18D11, which blocks 
CD14 and is used to attenuate inflammatory responses. The 
human IgG2/IgG4 hybrid C region was used to remove unde-
sired Fc- mediated functions, such as platelet activation and 
IL- 8 release.105 Combining point mutations with IgG2/ IgG4 
subclasses has also been examined. One example is IgG2 
with four- point mutations (His268Gln/Val309Leu/Ala330Ser/
Pro331Ser) derived from IgG4.106 It is worth noting that most 
of these approaches do not completely abrogate Fc effector 
function. For example, Arce Vargas et al.77 showed that both 
human IgG1 and IgG2 anti- CTLA- 4 mAbs showed similar 
regulatory T-cell depletion in mice. Complete silencing has 
been demonstrated by some groups.107,108 Vafa et al.108 uti-
lized a combination of an IgG2 backbone and seven- point 
mutations (Val234Ala/Gly237Ala/Pro238Ser/His268Ala/
Val309Leu/Ala330Ser/Pro331Ser) to induce structural per-
turbations of the Fc and completely “mute” it by eliminating 
affinity for FcγR and C1q. Importantly, the affinity to FcRn 
was not affected, and a circulating half- life similar to that of 
IgG1 and IgG2 was observed in cynomolgus monkeys.

Modifying activity. The biological activity of mAbs is a 
mainstay of the PD  profile and is chiefly determined by 
the variable region through which the mAb interacts with 
its target. In addition to improving the PD profile of mAbs 
through engineering the Fc- mediated effector functions, 
enhancing the biological activity of mAbs can be 
achieved by improving the  design of the variable region 
through affinity maturation and through modulating 
glycosylation.

Affinity maturation. Enhanced affinity can translate 
into better potency, enhanced biological activity, and 
lower doses. For example, Ahmed et  al.109 matured 
the affinity of an anti- B7- H3 mAb (8H9) that is used for 
radioimmunotherapy of B7- H3- positive tumors using 
sequential random mutagenesis. The authors achieved 
twofold to ninefold enhancement in affinity, which translated 
into higher tumor uptake in mouse xenografts and improved 
ADCC activity. However, this may not always be true, as 
observed in several studies. For example, Rudnick et al.110 
studied six different anti- HER2 IgG variants that differ in 
single- point mutations in the CDR region affecting their 
affinity. The authors observed that higher affinity did not 
always translate into enhanced tumor targeting but rather 
promoted mAb internalization and degradation, leading to 
limited tumor penetration. Interestingly, the different affinity 
variants showed differences in spatial distribution within the 
tumor. Their studies also emphasized that tumor antigen 
expression levels, antigen recycling rates, antibody- antigen 
dissociation rate, together with the affinity impacted 
antibody uptake and distribution, and, therefore, activity. 
In another interesting study by the same group, Tang 
et al.111 showed that the affinity to the tumor antigen HER2 
impacted the extent and efficiency of ADCC. Additional 
data are necessary to fully understand the role of affinity in 
tumor uptake, distribution, and activity. Furthermore, these 
studies highlight the challenge in translating in vitro studies 

of biological affinity into in vivo targeting and ultimately, 
clinical efficacy.

CONCLUSIONS

Optimization of the PK/PD properties of therapeutic mAbs 
is an ongoing effort not only for novel mAbs still in the pipe-
line but also for approved mAbs. In this review, we have 
discussed the PK and PD properties of antibodies, pin-
pointed challenges, and highlighted approaches under-
taken to overcome these challenges. Notwithstanding the 
interdependence of these properties, other issues instru-
mental to improving mAb design include the need for better 
understanding of the structural variants of mAbs and how 
heterogeneity ultimately affects mAb design and function. 
In addition, better understanding of the role of FcRn in IgG 
bioavailability, tissue uptake, and of the impact of non- FcRn 
binding regions on FcRn binding can provide potential for 
enhancing PK properties through FcRn- dependent anti-
body engineering. Another important issue is the mecha-
nistic understanding of the impact of mAb affinity to the 
different FcγRs, and the role of FcγR- expressing immune 
cells in mediating the therapeutic efficacy of mAbs, particu-
larly those being designed for cancer therapy. Lastly, novel 
mAb formats, such as sweeping antibodies, YTE mutants, 
afucosylated mAbs, and bispecifics, such as T- cell engag-
ers, have expanded the repertoire of design tools and sup-
plied new opportunities for designing mAbs with optimal 
clearance, extended serum half- life, enhanced Fc functions, 
and pharmacological activity. New efforts in developing a 
quantitative structure- activity relationship model112,113 for 
predicting human clearance for antibodies as routinely 
done with small molecule drugs may overcome the slow 
progress in mAb optimization and revolutionize the field of 
PK/PD design of antibody therapeutics. Nonetheless, addi-
tional robust technologies and tools (both experimental and 
in silico) are still critically needed to understand structural 
determinants of the mAb that impact its PK/PD properties 
and use these determinants to predict the PK/PD proper-
ties and guide antibody optimization.

Funding. No funding was received for this work.

Conflict of Interest. Both authors are employees of Genentech, a 
member of the Roche Group, and hold financial interest in Hoffman- La 
Roche.

 1. Beck, A., Wurch, T., Bailly, C. & Corvaia, N. Strategies and challenges for the next gen-
eration of therapeutic antibodies. Nat. Rev. Immunol. 10, 345–352 (2010).

 2. Tiller, K.E. & Tessier, P.M. Advances in antibody design. Annu. Rev. Biomed. Eng. 17, 
191–216 (2015).

 3. Carter, P.J. & Lazar, G.A. Next generation antibody drugs: pursuit of the ‘high- hanging 
fruit’. Nat. Rev. Drug Discovery 17, 197–223 (2018).

 4. Roopenian, D.C. & Akilesh, S. FcRn: the neonatal Fc receptor comes of age. Nat. Rev. 
Immunol. 7, 715–725 (2007).

 5. Qiao, S.W. et al. Dependence of antibody- mediated presentation of antigen on FcRn. 
Proc. Natl. Acad. Sci. USA 105, 9337–9342 (2008).

 6. Kuo, T.T. et al. Neonatal Fc receptor: from immunity to therapeutics. J. Clin. Immunol. 
30, 777–789 (2010).

 7. Schoch, A. et al. Charge- mediated influence of the antibody variable domain on FcRn- 
dependent pharmacokinetics. Proc. Natl. Acad. Sci. USA 112, 5997–6002 (2015).



138

Clinical and Translational Science

PK/PD Considerations in Therapeutic mAb Design
Leipold and Prabhu

 8. Andersen, J.T., Daba, M.B., Berntzen, G., Michaelsen, T.E. & Sandlie, I. Cross- species 
binding analyses of mouse and human neonatal Fc receptor show dramatic differences 
in immunoglobulin G and albumin binding. J. Biol. Chem. 285, 4826–4836 (2010).

 9. Deng, R., Iyer, S., Theil, F.P., Mortensen, D.L., Fielder, P.J. & Prabhu, S.. Projecting 
human pharmacokinetics of therapeutic antibodies from nonclinical data: what have 
we learned? mAbs 3, 61–66 (2011).

 10. Tam, S.H., McCarthy, S.G., Brosnan, K., Goldberg, K.M. & Scallon, B.J.. Correlations be-
tween pharmacokinetics of IgG antibodies in primates vs. FcRn- transgenic mice reveal 
a rodent model with predictive capabilities. mAbs 5, 397–405 (2013).

 11. Avery, L.B. et al. Utility of a human FcRn transgenic mouse model in drug discovery for 
early assessment and prediction of human pharmacokinetics of monoclonal antibodies. 
mAbs 8, 1064–1078 (2016).

 12. Robbie, G.J. et al. A novel investigational Fc- modified humanized monoclonal antibody, 
motavizumab- YTE, has an extended half- life in healthy adults. Antimicrob. Agents 
Chemother. 57, 6147–6153 (2013).

 13. Schlothauer, T. et al. Analytical FcRn affinity chromatography for functional characteri-
zation of monoclonal antibodies. mAbs 5, 576–586 (2013).

 14. Kelly, R.L. et al. Target- independent variable region mediated effects on antibody clear-
ance can be FcRn independent. mAbs 8, 1269–1275 (2016).

 15. Vaccaro, C., Zhou, J., Ober, R.J. & Ward, E.S. Engineering the Fc region of immunoglob-
ulin G to modulate in vivo antibody levels. Nat. Biotechnol. 23, 1283–1288 (2005).

 16. Borrok, M.J. et al. pH- dependent binding engineering reveals an FcRn affinity threshold 
that governs IgG recycling. J. Biol. Chem. 290, 4282–4290 (2015).

 17. Richter, W.F., Christianson, G.J., Frances, N., Grimm, H.P., Proetzel, G. & Roopenian, 
D.C.. Hematopoietic cells as site of first- pass catabolism after subcutaneous dosing 
and contributors to systemic clearance of a monoclonal antibody in mice. mAbs 10, 
803–813 (2018)

 18. Deng, R. et al. Subcutaneous bioavailability of therapeutic antibodies as a function of 
FcRn binding affinity in mice. mAbs 4, 101–109 (2012).

 19. Datta-Mannan, A., Witcher, D.R., Lu, J. & Wroblewski, V.J.  Influence of improved FcRn 
binding on the subcutaneous bioavailability of monoclonal antibodies in cynomolgus 
monkeys. mAbs 4, 267–273 (2012).

 20. Deane, R. et al. IgG- assisted age- dependent clearance of Alzheimer’s amyloid beta 
peptide by the blood- brain barrier neonatal Fc receptor. J. Neurosci. 25, 11495–11503 
(2005).

 21. Garg, A. & Balthasar, J.P. Investigation of the influence of FcRn on the distribution of IgG 
to the brain. AAPS J. 11, 553–557 (2009).

 22. Powner, M.B., McKenzie, J.A., Christianson, G.J., Roopenian, D.C. & Fruttiger, M. 
Expression of neonatal Fc receptor in the eye. Invest. Ophthalmol. Vis. Sci. 55, 1607–
1615 (2014).

 23. Kim, H., Robinson, S.B. & Csaky, K.G. FcRn receptor- mediated pharmacokinetics of 
therapeutic IgG in the eye. Mol. Vis. 15, 2803–2812 (2009).

 24. Gadkar, K. et al. Design and pharmacokinetic characterization of novel antibody for-
mats for ocular therapeutics. Invest. Ophthalmol. Vis. Sci. 56, 5390–5400 (2015).

 25. Fukuzawa, T. et al. Long lasting neutralization of C5 by SKY59, a novel recycling an-
tibody, is a potential therapy for complement- mediated diseases. Sci. Rep. 7, 1080 
(2017).

 26. Igawa, T., Haraya, K. & Hattori, K. Sweeping antibody as a novel therapeutic antibody 
modality capable of eliminating soluble antigens from circulation. Immunol. Rev. 270, 
132–151 (2016).

 27. Iwayanagi, Y. et al. Inhibitory FcgammaRIIb- mediated soluble antigen clearance from 
plasma by a pH- dependent antigen- binding antibody and its enhancement by Fc engi-
neering. J. Immunol. 195, 3198–3205 (2015).

 28. Chaparro-Riggers, J. et al. Increasing serum half- life and extending cholesterol lower-
ing in vivo by engineering antibody with pH- sensitive binding to PCSK9. J. Biol. Chem. 
287, 11090–11097 (2012).

 29. Li, B. et al. Framework selection can influence pharmacokinetics of a humanized ther-
apeutic antibody through differences in molecule charge. mAbs 6, 1255–1264 (2014).

 30. Igawa, T. et al. Reduced elimination of IgG antibodies by engineering the variable region. 
Protein Eng. Des. Sel. 23, 385–392 (2010).

 31. Bumbaca Yadav, D. et al. Evaluating the use of antibody variable region (Fv) charge as 
a risk assessment tool for predicting typical cynomolgus monkey pharmacokinetics. J. 
Biol. Chem. 290, 29732–29741 (2015).

 32. Zheng, Y. et al. Minipig as a potential translatable model for monoclonal antibody phar-
macokinetics after intravenous and subcutaneous administration. mAbs 4, 243–255 
(2012).

 33. Sampei, Z. et al. Identification and multidimensional optimization of an asymmetric 
bispecific IgG antibody mimicking the function of factor VIII cofactor activity. PLoS One 
8, e57479 (2013).

 34. Khawli, L.A. et al. Charge variants in IgG1: isolation, characterization, in vitro binding 
properties and pharmacokinetics in rats. mAbs 2, 613–624 (2010).

 35. Boswell, C.A., Tesar, D.B., Mukhyala, K., Theil, F.P., Fielder, P.J. & Khawli, L.A. Effects 
of charge on antibody tissue distribution and pharmacokinetics. Bioconjug. Chem. 21, 
2153–2163 (2010).

 36. Bickel, U., Lee, V. & Pardridge, W. Pharmacokinetic differences between 111In-  and 
125I- labeled cationized monoclonal antibody against b- amyloid in mouse and dog. 
Drug Delivery 2, 128–135 (1995).

 37. Wall, D.A. & Maack, T. Endocytic uptake, transport, and catabolism of proteins by epi-
thelial cells. Am. J. Physiol. 248, C12–C20 (1985).

 38. Datta-Mannan, A. et al. Balancing charge in the complementarity- determining regions 
of humanized mAbs without affecting pI reduces non- specific binding and improves the 
pharmacokinetics. mAbs 7, 483–493 (2015).

 39. Sharma, V.K. et al. In silico selection of therapeutic antibodies for development: 
Viscosity, clearance, and chemical stability. Proc. Natl. Acad. Sci. USA 111, 18601–
18606 (2014).

 40. Finch, D.K. et al. Whole- molecule antibody engineering: generation of a high- 
affinity anti- IL- 6 antibody with extended pharmacokinetics. J. Mol. Biol. 411, 
791–807 (2011).

 41. Van Walle, I., Gansemans, Y., Parren, P.W., Stas, P. & Lasters, I. Immunogenicity screen-
ing in protein drug development. Expert Opin. Biol. Ther. 7, 405–418 (2007).

 42. Foote, J. & Eisen, H.N. Kinetic and affinity limits on antibodies produced during immune 
responses. Proc. Natl. Acad. Sci. USA 92, 1254–1256 (1995).

 43. Putnam, W.S. et al. Use of quantitative pharmacology in the development of HAE1, a 
high- affinity anti- IgE monoclonal antibody. AAPS J. 10, 425–430 (2008).

 44. Mortensen, D.L. et al. Effect of antigen binding affinity and effector function on the 
pharmacokinetics and pharmacodynamics of anti- IgE monoclonal antibodies. mAbs 4, 
724–731 (2012).

 45. Gadkar, K. et al. Mathematical PKPD and safety model of bispecific TfR/BACE1 anti-
bodies for the optimization of antibody uptake in brain. Eur. J. Pharm. Biopharm. 101, 
53–61 (2016).

 46. Vicini, P. Multiscale modeling in drug discovery and development: Future opportunities 
and present challenges. Clin. Pharmacol. Ther. 88, 126–129 (2010).

 47. Tammen, A. et al. Monoclonal antibodies against epidermal growth factor receptor 
acquire an ability to kill tumor cells through complement activation by mutations that 
selectively facilitate the hexamerization of IgG on opsonized cells. J. Immunol. 198, 
1585–1594 (2017).

 48. Bacac, M. et al. CD20- TCB with obinutuzumab pretreatment as next generation treat-
ment of hematological malignancies. Clin. Cancer Res. 24(19), 4785–4797 (2018).

 49. Wu, H. et al. Development of motavizumab, an ultra- potent antibody for the prevention 
of respiratory syncytial virus infection in the upper and lower respiratory tract. J. Mol. 
Biol. 368, 652–665 (2007).

 50. van der Neut Kolfschoten, M. et al. Anti- inflammatory activity of human IgG4 antibodies 
by dynamic Fab arm exchange. Science 317, 1554–1557 (2007).

 51. Vidarsson, G., Dekkers, G. & Rispens, T. IgG subclasses and allotypes: from structure 
to effector functions. Front. Immunol. 5, 520 (2014).

 52. Labrijn, A.F. et al. Therapeutic IgG4 antibodies engage in Fab- arm exchange with en-
dogenous human IgG4 in vivo. Nat. Biotechnol. 27, 767–771 (2009).

 53. Stubenrauch, K., Wessels, U., Regula, J.T., Kettenberger, H., Schleypen, J. & 
Kohnert, U. Impact of molecular processing in the hinge region of therapeutic 
IgG4 antibodies on disposition profiles in cynomolgus monkeys. Drug Metab. 
Dispos. 38, 84–91 (2010).

 54. Jefferis, R. Glycosylation of recombinant antibody therapeutics. Biotechnol. Prog. 21, 
11–16 (2005).

 55. Liu, L. Antibody glycosylation and its impact on the pharmacokinetics and pharma-
codynamics of monoclonal antibodies and Fc- fusion proteins. J. Pharm. Sci. 104, 
1866–1884 (2015).

 56. Raju, T.S. Glycosylation variations with expression systems and their impact on biolog-
ical activity of therapeutic immunoglobulins. BioProcess. 44–53 (2003).

 57. Krapp, S., Mimura, Y., Jefferis, R., Huber, R. & Sondermann, P. Structural analysis of 
human IgG- Fc glycoforms reveals a correlation between glycosylation and structural 
integrity. J. Mol. Biol. 325, 979–989 (2003).

 58. Shields, R.L. et al. High resolution mapping of the binding site on human IgG1 for 
Fc gamma RI, Fc gamma RII, Fc gamma RIII, and FcRn and design of IgG1 vari-
ants with improved binding to the Fc gamma R. J. Biol. Chem. 276, 6591–6604 
(2001).

 59. Leabman, M.K., Meng, Y.G., Kelley, R.F., DeForge, L.E., Cowan, K.J. & Iyer, S. Effects 
of altered FcgammaR binding on antibody pharmacokinetics in cynomolgus monkeys. 
mAbs 5, 896–903 (2013).

 60. Naso, M.F., Tam, S.H., Scallon, B.J. & Raju, T.S. Engineering host cell lines to reduce 
terminal sialylation of secreted antibodies. mAbs 2, 519–527 (2010).

 61. Wright, A. & Morrison, S.L. Effect of C2- associated carbohydrate structure on Ig ef-
fector function: studies with chimeric mouse- human IgG1 antibodies in glycosylation 
mutants of Chinese hamster ovary cells. J. Immunol. 160, 3393–3402 (1998).

 62. Wright, A., Sato, Y., Okada, T., Chang, K., Endo, T. & Morrison, S. In vivo trafficking 
and catabolism of IgG1 antibodies with Fc associated carbohydrates of differing 
structure. Glycobiology 10, 1347–1355 (2000).

 63. Yu, M. et al. Production, characterization, and pharmacokinetic properties of anti-
bodies with N- linked mannose- 5 glycans. mAbs 4, 475–487 (2012).

 64. Chen, X., Liu, Y.D. & Flynn, G.C. The effect of Fc glycan forms on human IgG2 
antibody clearance in humans. Glycobiology 19, 240–249 (2009).

 65. Goetze, A.M. et al. High- mannose glycans on the Fc region of therapeutic IgG anti-
bodies increase serum clearance in humans. Glycobiology 21, 949–959 (2011).

 66. Harris, R.J. Heterogeneity of recombinant antibodies: linking structure to function. 
Dev. Biol. (Basel) 122, 117–127 (2005).



139

www.cts-journal.com

PK/PD Considerations in Therapeutic mAb Design
Leipold and Prabhu

 67. Zhou, Q. et al. Development of a simple and rapid method for producing non- 
fucosylated oligomannose containing antibodies with increased effector function. 
Biotechnol. Bioeng. 99, 652–665 (2008).

 68. Millward, T.A., Heitzmann, M., Bill, K., Langle, U., Schumacher, P. & Forrer, K. Effect 
of constant and variable domain glycosylation on pharmacokinetics of therapeutic 
antibodies in mice. Biologicals 36, 41–47 (2008).

 69. Polu, K.R. & Lowman, H.B. Probody therapeutics for targeting antibodies to dis-
eased tissue. Expert Opin. Biol. Ther. 14, 1049–1053 (2014), Epub 2014/05/23.

 70. Vincent, K.J. & Zurini, M. Current strategies in antibody engineering: Fc engineering 
and pH- dependent antigen binding, bispecific antibodies and antibody drug conju-
gates. Biotechnol. J. 7, 1444–1450 (2012).

 71. Stewart, R., Hammond, S.A., Oberst, M. & Wilkinson, R.W. The role of Fc gamma re-
ceptors in the activity of immunomodulatory antibodies for cancer. J. Immunother. 
Cancer 2, 29 (2014).

 72. DiLillo, D.J. & Ravetch, J.V. Fc- receptor interactions regulate both cytotoxic and 
immunomodulatory therapeutic antibody effector functions. Cancer Immunol. Res. 
3, 704–713 (2015).

 73. Bruhns, P. & Jönsson, F. Mouse and human FcR effector functions. Immunol. Rev. 
268, 25–51 (2015).

 74. Nimmerjahn, F. & Ravetch, J.V. Fc- receptors as regulators of immunity. Adv. 
Immunol. 96, 179–204 (2007).

 75. Starbeck-Miller, G.R., Badovinac, V.P., Barber, D.L. & Harty, J.T. Cutting edge: 
Expression of FcgammaRIIB tempers memory CD8 T cell function in vivo. J. 
Immunol. 192, 35–39 (2014), Epub 2013/11/29.

 76. Arce Vargas, F. et al. Fc- optimized anti- CD25 depletes tumor- infiltrating regula-
tory T cells and synergizes with PD- 1 blockade to eradicate established tumors. 
Immunity 46, 577–586 (2017).

 77. Arce Vargas, F. et al. Fc effector function contributes to the activity of human anti- 
CTLA- 4 antibodies. Cancer Cell 33, 649–63e4 (2018).

 78. Sharma, S.K. et al. Fc- mediated anomalous biodistribution of therapeutic antibod-
ies in immunodeficient mouse models. Cancer Res. 78, 1820–1832 (2018), Epub 
2018/01/25.

 79. Yamaguchi, Y. et al. Glycoform- dependent conformational alteration of the Fc re-
gion of human immunoglobulin G1 as revealed by NMR spectroscopy. Biochim. 
Biophys. Acta 1760, 693–700 (2006).

 80. Albert, H., Collin, M., Dudziak, D., Ravetch, J.V. & Nimmerjahn, F. In vivo enzymatic 
modulation of IgG glycosylation inhibits autoimmune disease in an IgG subclass- 
dependent manner. Proc. Natl. Acad. Sci. USA 105, 15005–15009 (2008).

 81. Putnam, W.S., Prabhu, S., Zheng, Y., Subramanyam, M. & Wang, Y.M. Pharmacokinetic, 
pharmacodynamic and immunogenicity comparability assessment strategies for 
monoclonal antibodies. Trends Biotechnol. 28, 509–516 (2010).

 82. Shinkawa, T. et al. The absence of fucose but not the presence of galactose or 
bisecting N- acetylglucosamine of human IgG1 complex- type oligosaccharides 
shows the critical role of enhancing antibody- dependent cellular cytotoxicity. J. 
Biol. Chem. 278, 3466–3473 (2003).

 83. Shields, R.L. et al. Lack of fucose on human IgG1 N- linked oligosaccharide im-
proves binding to human Fcgamma RIII and antibody- dependent cellular toxicity. J. 
Biol. Chem. 277, 26733–26740 (2002).

 84. Niwa, R. et al. Enhancement of the antibody- dependent cellular cytotoxicity of low- 
fucose IgG1 Is independent of FcgammaRIIIa functional polymorphism. Clin. Cancer 
Res. 10, 6248–6255 (2004).

 85. Iida, S. et al. Nonfucosylated therapeutic IgG1 antibody can evade the inhibitory 
effect of serum immunoglobulin G on antibody- dependent cellular cytotoxic-
ity through its high binding to FcgammaRIIIa. Clin. Cancer Res. 12, 2879–2887 
(2006).

 86. Subramaniam, J.M., Whiteside, G., McKeage, K. & Croxtall, J.C. Mogamulizumab: 
first global approval. Drugs 72, 1293–1298 (2012).

 87. Robak, T. GA- 101, a third- generation, humanized and glyco- engineered anti- CD20 
mAb for the treatment of B- cell lymphoid malignancies. Curr. Opin. Investig. Drugs 
10, 588–596 (2009).

 88. Goede, V. et al. Obinutuzumab plus chlorambucil in patients with CLL and coexisting 
conditions. N. Engl. J. Med. 370, 1101–1110 (2014).

 89. Reed, J.L. et al. MEDI- 563, a humanized anti- IL- 5Ra antibody with enhanced ef-
fector function, induces reversible blood eosinopenia in mild asthmatics. J. Allergy 
Clin. Immunol. 121, S47 (2008).

 90. Kanda, Y. et al. Comparison of biological activity among nonfucosylated therapeutic 
IgG1 antibodies with three different N- linked Fc oligosaccharides: the high- mannose, 
hybrid, and complex types. Glycobiology 17, 104–118 (2007).

 91. Lazar, G.A. et al. Engineered antibody Fc variants with enhanced effector function. 
Proc. Natl. Acad. Sci. USA 103, 4005–4010 (2006).

 92. DiLillo, D.J., Tan, G.S., Palese, P. & Ravetch, J.V. Broadly neutralizing hemagglutinin 
stalk- specific antibodies require FcγR interactions for protection against influenza 
virus in vivo. Nat. Med. 20, 143–151 (2014).

 93. Horton, H.M. et al. Potent in vitro and in vivo activity of an Fc- engineered anti- CD19 
monoclonal antibody against lymphoma and leukemia. Cancer Res. 68, 8049–8057 
(2008).

 94. Richards, J.O., Karki, S., Lazar, G.A., Chen, H., Dang, W. & Desjarlais, J.R. Optimization 
of antibody binding to FcgammaRIIa enhances macrophage phagocytosis of tumor 
cells. Mol. Cancer Ther. 7, 2517–2527 (2008).

 95. Dall’ Acqua, W.F., Cook, K.E., Damschroder, M.M., Woods, R.M. & Wu, H. Modulation 
of the effector functions of a human IgG1 through engineering of its hinge region. J. 
Immunol. 177, 1129–1138 (2006).

 96. Idusogie, E.E. et al. Engineered antibodies with increased activity to recruit comple-
ment. J. Immunol. 166, 2571–2575 (2001).

 97. Moore, G.L., Chen, H., Karki, S. & Lazar, G.A. Engineered Fc variant antibodies with 
enhanced ability to recruit complement and mediate effector functions. mAbs 2, 181–
189 (2010).

 98. Chan, A.C. & Carter, P.J. Therapeutic antibodies for autoimmunity and inflammation. 
Nat. Rev. Immunol. 10, 301–316 (2010).

 99. Offringa, R. & Glennie, M.J. Development of next- generation immunomodulatory anti-
bodies for cancer therapy through optimization of the IgG framework. Cancer Cell 28, 
273–275 (2015).

 100. Anthony, R.M. & Ravetch, J.V. A novel role for the IgG Fc glycan: the anti- inflammatory 
activity of sialylated IgG Fcs. J. Clin. Immunol. 30 (suppl. 1), S9–S14 (2010).

 101. Samuelsson, A., Towers, T.L. & Ravetch, J.V. Anti- inflammatory activity of IVIG medi-
ated through the inhibitory Fc receptor. Science 291, 484–486 (2001).

 102. Anthony, R.M., Nimmerjahn, F., Ashline, D.J., Reinhold, V.N., Paulson, J.C. & Ravetch, 
J.V. Recapitulation of IVIG anti- inflammatory activity with a recombinant IgG Fc. 
Science 320, 373–376 (2008).

 103. Scallon, B.J., Tam, S.H., McCarthy, S.G., Cai, A.N. & Raju, T.S. Higher levels of si-
alylated Fc glycans in immunoglobulin G molecules can adversely impact functionality. 
Mol. Immunol. 44, 1524–1534 (2007).

 104. Rother, R.P., Rollins, S.A., Mojcik, C.F., Brodsky, R.A. & Bell, L. Discovery and de-
velopment of the complement inhibitor eculizumab for the treatment of paroxysmal 
nocturnal hemoglobinuria. Nat. Biotechnol. 25, 1256–1264 (2007).

 105. Lau, C. et al. Chimeric anti- CD14 IGG2/4 Hybrid antibodies for therapeutic intervention 
in pig and human models of inflammation. J. Immunol. 191, 4769–4777 (2013).

 106. An, Z. et al. IgG2m4, an engineered antibody isotype with reduced Fc function. mAbs 
1, 572–579 (2009).

 107. Couch, J.A. et al. Addressing safety liabilities of TfR bispecific antibodies that cross the 
blood- brain barrier. Sci. Transl. Med. 5, 1–12 (2013).

 108. Vafa, O. et al. An engineered Fc variant of an IgG eliminates all immune effector func-
tions via structural perturbations. Methods 65, 114–126 (2014).

 109. Ahmed, M. et al. Humanized affinity- matured monoclonal antibody 8H9 has potent 
antitumor activity and binds to FG loop of tumor antigen B7- H3. J. Biol. Chem. 290, 
30018–30029 (2015).

 110. Rudnick, S.I. et al. Influence of affinity and antigen internalization on the uptake and 
penetration of Anti- HER2 antibodies in solid tumors. Cancer Res. 71, 2250–2259 
(2011).

 111. Tang, Y., Lou, J., Alpaugh, R.K., Robinson, M.K., Marks, J.D. & Weiner, L.M. Regulation 
of antibody- dependent cellular cytotoxicity by IgG intrinsic and apparent affinity for 
target antigen. J. Immunol. 179, 2815–2823 (2007).

 112. Dobson, C.L. et al. Engineering the surface properties of a human monoclonal antibody 
prevents self- association and rapid clearance in vivo. Sci. Rep. 6, 38644 (2016).

 113. Jain, T. et al. Biophysical properties of the clinical- stage antibody landscape. Proc. 
Natl. Acad. Sci. USA 114, 944–949 (2017).

 114. Beers, S.A., Glennie, M.J. & White, A.L. Influence of immunoglobulin isotype on thera-
peutic antibody function. Blood 127, 1097–1101 (2016).

 115. Monnet, C. et al. Combined glyco-  and protein- Fc engineering simultaneously enhance 
cytotoxicity and half- life of a therapeutic antibody. mAbs 6, 422–436 (2014).

© 2018 The Authors. Clinical and Translational Science 
published by Wiley Periodicals, Inc. on behalf of the 
American Society for Clinical Pharmacology and 
Therapeutics. This is an open access article under 
the terms of the Creative Commons Attribution-
NonCommercial-NoDerivs License, which permits use 
and distribution in any medium, provided the original 
work is properly cited, the use is non-commercial and 
no modifications or adaptations are made.

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

